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ABSTRACT

The observed profile of heating through the troposphere in the Madden-Julian Oscillation (MJO) is
found to be very top-heavy: more so than seasonal-mean heating, and systematically more so than all of
the seven models for which intraseasonal heating anomaly profiles have been published. Consistently, the
Tropical Rainfall Measurement Mission (TRMM) Precipitation Radar shows that stratiform precipitation
(known to heat the upper troposphere and cool the lower troposphere) contributes more to intraseasonal
rainfall variations than it does to seasonal-mean rainfall. Stratiform rainfall anomalies lag convective rainfall
anomalies by a few days. Reasons for this lag apparently include increased wind shear and middle-upper
tropospheric humidity, which also lag convective (and total) rainfall by a few days.

A distinct rearward tilt is seen in anomalous heating time-height sections, in both the strong December
1992 MJO event observed by the Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response
Experiment (TOGA COARE) and a composite MJO constructed from multi-year data sets. Interpretation
is aided by a formal partitioning of the COARE heating section into convective, stratiform, and radiative
components. The tilted structure after the maximum surface rainfall appears to be contributed largely
by latent and radiative heating in enhanced stratiform anvils. However, the tilt of anomalous heating
ahead of maximum rainfall is seen within the convective component, suggesting a change from shallower
to deeper convective heating as the wet phase of the MJO approached the longitude of the observations.

1. Introduction
Discovered by Madden and Julian (1971, 1972),

the Madden-Julian Oscillation (MJO) is the dom-
inant intraseasonal mode of variability in tropical
convection and circulation (e.g. Weickmann et al.
1985, Lau and Chan 1985, Salby and Hendon 1994,
Wheeler and Kiladis 1999). It affects a wide range
of tropical weather such as the onset and breaks of
the Indian and Australian summer monsoons (e.g.
Yasunari 1979, Hendon and Liebmann 1990), and
the formation of tropical cyclones (e.g. Nakazawa
1986, Liebmann et al. 1994). It also drives telecon-
nections to the extratropics (e.g., Lau and Phillips
1986, Winkler et al. 2001) and impacts some im-
portant extratropical weather (e.g. Higgins and Mo
1997, Higgins et al. 2000). On a longer timescale,
the MJO is observed to trigger or terminate some
El Nino events (e.g. Kessler et al. 1995, Takayabu
et al. 1999, Bergman et al. 2001). Therefore, the
MJO is important for both extended-range weather
forecasting and long-term climate prediction.

The MJO is concentrated in the eastern hemi-

sphere. Figure 1a shows the standard deviation
of 30-70 day bandpass filtered precipitation (from
CMAP, see section 2 and 3 for details of data and
filtering). This intraseasonal rainfall variability has
two heating centers, in the Indian ocean and the
western Pacific. Eastward propagation is prominent,
as seen in lagged correlations between a filtered time
series of precipitation at 0N155E and precipitation
elsewhere along the equator (Fig. 1b). The prop-
agating part of intraseasonal variability (hereafter
called the MJO) moves eastward from the Indian
Ocean to the western Pacific, with a phase speed of
about 5 m/s (4 degrees/day).

Eastward-propagating intraseasonal signals do oc-
cur in some general circulation models (GCMs), but
are generally too weak and propagate too fast com-
pared with observations (e.g. Hayashi and Sumi
1986, Hayashi and Golder 1986, 1988, Lau et al.
1988, Slingo et al. 1996). In light of the MJO’s im-
portance, reviewed above, this shortcoming is detri-
mental to both numerical weather prediction and cli-
mate prediction. The overarching goal of this work is
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Figure 1: (a) Standard deviation of the 30-70 day band-
pass filtered anomaly of the CMAP precipitation from
1979-2002. The unit is mm/day. The thick solid poly-
gons are the sounding arrays during TOGA COARE.
The inner one is the Intensive Flux Array (IFA). The
outer one is the Outer Sounding Array (OSA). (b) The
lag-correlation between the 30-70 day CMAP precipita-
tion anomaly and itself at 0N155E.

to contribute to improved GCM simulations of trop-
ical variability. A first step toward that goal is to
better document the observed phenomenon, in or-
der to better define the form and (hopefully) nature
of model errors.

Diabatic heating (mainly latent and radiative) is
central to the structure and propagation of the MJO
(Krishnamurti et al. 1985, Murakami and Nakazawa
1985, Yanai et al. 2000). The heating is strongly as-
sociated with a propagating large-scale circulation
anomaly (hereafter called a ’wave’), which in turn
feeds back onto the heating (Hendon and Salby 1994,
Zhang 1996). This suggests the utility of a ”wave-
heating feedback” theoretical framework, of which
many versions have been explored, with various de-
grees and types of approximations.

The vertical profile of heating has a large effect on
intraseasonal oscillations in such wave-heating the-
oretical models (discussed further in section 7). In
light of this sensitivity to heating profiles, it seems
useful to document the observed MJO heating pro-
file, and compare it to the same quantity in models.
Might the models’ difficulty in simulating the MJO
be related to systematic error in model heating pro-
files?

Heating profiles over the tropical oceans have been
measured as heat budget residuals, using sounding-
array data in field experiments such as the Marshall

Islands (Yanai et al. 1973), GATE (e.g. Thompson
et al. 1979), AMEX (e.g. Frank and McBride 1989),
and TOGA COARE (Lin and Johnson 1996, Frank
et al. 1996, Yanai et al. 2000, and Zhang and Lin
1999). The profile of total heating in convecting re-
gions is top-heavy, or concentrated high in the upper
troposphere. This top-heaviness is contributed to
by vertical dipole heating profiles observed in areas
of stratiform precipitation, with heating in the up-
per troposphere and cooling in the lower troposphere
(Houze 1982, 1989, 1997; Johnson 1984; Mapes and
Houze 1995). Stratiform precipitation also lags con-
vective precipitation in time, which might introduce
important time-dependence to total heating profiles.

The anomalous vertical heating profile as it varies
across the MJO has not been isolated in the pub-
lished literature. As we shall see, it differs signifi-
cantly from time-mean profiles. Likewise, the con-
tribution of stratiform precipitation to mean precipi-
tation has been studied (e.g. Schumacher and Houze
2003), but the contribution of anomalous stratiform
precipitation to the anomalous precipitation in the
MJO has not been reported. This study aims to rem-
edy this lack, as a starting point to identify model
errors.

The purpose of this study is to examine the ob-
served anomalous heating profiles and stratiform
precipitation in the MJO, consider the consistency
of these completely independent measurements, and
compare the observed heating profiles with those in
some models. Major issues we address are:
(1) What is the vertical heating profile in the MJO?
How does it compared with the climatological mean
profile? How large does stratiform precipitation con-
tribute to the vertical heating profile?
(2) How does the MJO vertical heating profile vary
with time? Is it simply a reversing sign of a fixed
profile, or is there phase tilt? If so, what factors
contribute to this tilt?
(3) How well do current GCMs represent the vertical
heating profile in the MJO?

The datasets used in this study are described in
section 2. The methods are described in section
3. The anomalous vertical heating profiles in the
convectively active phase are examined in section 4.
The vertical phase tilt of heating anomaly is studied
in section 5. Comparisons between the observed
heating profiles and the GCM profiles are conducted
in section 6. Summary and discussion are given in
section 7.

2. Data

The datasets used include TOGA COARE data
and long-term data.
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Figure 2: The response function of the Murakami filter
used in this study.

The TOGA COARE datasets include:
(1) 120 day (November 1, 1992 to February 28, 1993)
of the 6-hourly sounding array budgets for the Inten-
sive Flux Array (IFA, Fig. 1) calculated by Ciesielski
et al. (2002). The variables we used include diabatic
heating Q1, moisture sink Q2, wind, horizontal di-
vergence, and relative humidity.
(2) 120 day (November 1, 1992 to February 28, 1993)
of the daily diabatic heating Q1 profiles for the Outer
Sounding Array (OSA, Fig. 1) calculated by Zhang
and Lin (1999) using the method of Zhang and Lin
(1997).
(3) 120 day (November 1, 1992 to February 28, 1993)
of the hourly radiative heating QR profiles for the
IFA Calculated by Qian and Cess (2003).

The long term datasets include:
(1) 24 years (1979-2002) of the pentad ”chi-
corrected” diabatic heating Q1 profiles calculated
by Sardeshmukh et al. (1999) and Winkler et al.
(2001). The horizontal resolution is 2.5 degree
longitude by 2.5 degree latitude. We average the
data between 5N and 5S in longitudes 145-155E.
These diabatic heating profiles are determined
from an improved iterative solution of the ”chi
problem” (Sardeshmukh 1993), applied to four
times daily NCEP reanalysis wind fields to mini-
mize the nonlinear vorticity budget imbalance at
28 atmospheric levels. The modified divergence
is further constrained to satisfy the large-scale
mass budget. Diabatic heating rates are finally
determined as a residual in the heat budget, using
the modified wind circulation to compute advective
terms. See Sardeshmukh (1993) for more details of
the technique.
(2) 24 years (1979-2002) of NCEP reanalysis upper
air wind data. The horizontal resolution is 2.5
degree longitude by 2.5 degree latitude. We average
the data along the equator (between 5N and 5S)
with a zonal resolution of 10 degree longitude.
(3) 24 years (1979-2002) of the pentad CPC Merged

Analysis of Precipitation (CMAP) calculated by Xie
and Arkin (1997). The horizontal resolution is 2.5
degree longitude by 2.5 degree latitude. We average
the data along the equator (between 5N and 5S)
with a zonal resolution of 5 degree longitude.
(4) 5 years (1998-2002) of the half-hourly
TRMM precipitation radar (PR) gridded con-
vective/stratiform precipitation (product number
3G68) calculated by Kummerow et al. (2000) and
Stocker et al. (2001). The horizontal resolution
is 0.5 degree longitude by 0.5 degree latitude. We
average the data along the equator (between 5N
and 5S) to pentad data with a zonal resolution of
10 degree longitude.
(5) Five years (1998-2002) of twice-daily upper
air sounding data at the Atmosphere Radiation
Measurement (ARM) Manus site located at 2S147E.
We only use the relative humidity in this study.
The data are averaged to pentad means. There are
only a few missing pentads and they are filled using
linear interpolation in time.

3. Method

The MJO is a broad-band phenomenon, with an
averaged period of 45 days but a fairly wide spread
from 20 to 80 days (see review by Madden and Ju-
lian 1994). Its deep convection signal is dominated
by wavenumber 1-6, while its circulation signal is
dominated by wavenumber 1 (e.g. Salby and Hen-
don 1994, Wheeler and Kiladis 1999). These char-
acteristics are used to isolate the MJO signal as a
master time series from space-time data.

Many different indices have been used in previous
observational and modeling studies. Some are based
on circulation signals (e.g. Madden and Julian 1972,
Knutson and Weickmann 1987, Lau et al. 1988),
others on deep convection signals (e.g. Lau and
Chan 1985, Hendon and Salby 1994, among many
others), while some use a combination of circulation
and deep convection signals (e.g. Hsu 1996). Even
in the case of a single variable (often OLR), vari-
ous methods have been used to construct an MJO
index, such as: (1) band-pass filtering and selection
of a (usually large) grid box as the reference point
(e.g. Lau and Chan 1985, Kiladis and Weickmann
1992, Zhang 1996, Woolnough et al. 2000); (2) band-
pass filtering and selection of the leading Empirical
Orthogonal Functions (EOFs) of the anomaly (e.g.
Weickmann 1983, Lau and Chan 1985); (3) band-
pass filtering and selection of strong, eastward prop-
agating events (e.g. Rui and Wang 1990); and (4)
space-time filtering to isolate only large-scale east-
ward propagating signals (e.g. Hendon and Salby
1994). The different methods often give qualita-
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Figure 3: The 30-70 day bandpass filtered anomaly
of the CMAP precipitation during TOGA COARE
(November 1, 1992 to February 28, 1993). The unit is
mm/day. The thick dashed line indicates the location of
the TOGA COARE sounding arrays.

tively similar results in terms of propagation charac-
teristics and phase difference among different vari-
ables (e.g. Lau and Chan (1985) compared meth-
ods (1) and (2)). This consistency is apparently
because strong intraseasonally filtered OLR fluctu-
ations along the equator are dominated, both in
number and strength, by coherent eastward prop-
agating events (Wang and Rui 1990a). Linear com-
posite methods used in most of the previous studies
(e.g. phase sum, correlation, regression) are appar-
ently dominated by these strong eastward propagat-
ing events.

This study uses the above method (1). All
datasets are filtered using a 30-70 day Murakami
(1976) filter, whose response function is shown in
Fig. 2. The central frequency correspond to a pe-
riod of 45 days, with half amplitude at periods of 30
days and 70 days. We have also tested the Lanczos
filter (Duchan 1979), and the results are not sensi-
tive. For the master MJO index, we use a western
Pacific (0N155E) time series of CMAP precipitation
filtered in time as above, but also in space, retaining
wavenumbers 0-6. Experiments with more complex
space-time filtering (to isolate eastward-propagating
components more specifically) suggest that our main
findings with respect to vertical structure are robust.

The MJO structure is constructed differently
for the COARE and long-term data sets. For the
long term data, composite structure is developed
by linear regression with respect to the CMAP
MJO index. Regressions have been done for all
seasons of the year, as well as for individual seasons
(December-February, March-May, June-August,
and September-November). The confidence level of

Figure 4: The MJO anomalous vertical heating pro-
file at the time of maximum precipitation for TOGA
COARE IFA (thick solid line), TOGA COARE OSA
(thick dashed line), and DJF composite of 24 years
(1979-2002) chi-corrected heating data at 0N155E (thin
solid line).

linear correlation is estimated following Oort and
Yienger (1996). In the TOGA COARE data, there
are two MJO events (Fig. 3, Chen et al. 1996).
We use filtered data on the December 1992 event, a
strong MJO event with its amplitude at the TOGA
COARE IFA larger than two standard deviation
of the 24 year data (Fig. 1a). It moved eastward
with a phase speed of 5 m/s, which is similar to
the phase speed of the 24 year composite (Fig. 1b).
The maximum of the 30-70 day bandpass filtered
precipitation anomaly at the TOGA COARE
location occurs on December 21, 1992.

4. Heating profiles and stratiform precipita-
tion at the time of maximum precipitation

4.1 Observed heating profile

The vertical heating profiles at the time of max-
imum precipitation during the MJO life cycle, nor-
malized by surface precipitation, are shown in Fig.
4 for TOGA COARE IFA, OSA and the compos-
ites for the winter season (December-February) using
24 years (1979-2002) of chi-corrected heating data.
The two TOGA COARE profiles look quite simi-
lar with each another, suggesting that the profile is
robust with respect to different array size, and dif-
ferent detailed methods for calculating the sounding
array budgets. The two profiles are very top-heavy,
i.e., with strong heating in the upper troposphere
and weak heating in the lower troposphere. The
composite MJO profile for the winter season using
chi-corrected heating data are similar to the TOGA
COARE profiles, except for being a little less top-
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Figure 5: Difference between the MJO anomalous heat-
ing profile at the time of maximum precipitation and
the seasonal mean profile for TOGA COARE IFA (thick
solid line), TOGA COARE OSA (thick dashed line),
and DJF composite of 24 years (1979-2002) chi-corrected
heating data at 0N155E (thin solid line).

heavy, suggesting that the TOGA COARE profiles
are statistically representative. For the 4-month pe-
riod of TOGA COARE, the mean chi-corrected heat-
ing profile is almost the same as the rawinsonde-
derived profiles (not shown; see Sardeshmuch et al.
1999), suggesting that the modest chi-COARE dif-
ferences seen here reflect temporal variability, not
necessarily error in the chi-corrected heating prod-
uct. Composites MJO heating profiles for other sea-
sons indicate that the shape of the heating profile
has little seasonal variation (not shown).

The difference between the MJO anomaly profile
at the time of maximum precipitation and the
seasonal mean profile is illustrated in Fig. 5 for
both TOGA COARE and chi-corrected heating
data. In TOGA COARE, the MJO anomaly
profiles are significantly more top-heavy than the
seasonal mean profiles, i.e., with stronger heating
in the upper troposphere and weaker heating in
the lower troposphere. This is also the case for
the chi-corrected heating data except with the
upper troposphere heating differences located at a
higher altitude. The difference profiles are similar
to the stratiform heating profiles (Houze 1982,
1989, Johnson 1984), suggesting that the MJO
may be associated with larger fraction of stratiform
precipitation than the seasonal mean value. To
pursue this suggestion, the next section examines
the contribution of stratiform precipitation using
spaceborne radar data.

4.2 Contribution of stratiform precipitation
to the heating profile

Figure 6: The precipitation anomaly during the DJF
MJO composite life cycle for 5 years (1998-2002) of
TRMM PR data at 0N155E. The thick solid line is the
total precipitation. The thin solid line is the convective
precipitation. The thin dashed line is the stratiform pre-
cipitation.

Figure 6 shows the precipitation anomaly dur-
ing the composite MJO life cycle for 5 years (1998-
2002) of TRMM precipitation radar (PR) data at
0N, 155E. The thick solid line is total precipitation,
the thin solid line is convective precipitation, and
the thin dashed line is stratiform precipitation. At
the time of maximum precipitation, the stratiform
precipitation contributes about 60% of the anoma-
lous total precipitation. The stratiform precipitation
lags the convective precipitation by several days, im-
plying a larger fraction of stratiform precipitation in
the later stages (examined further in section 5).

The larger stratiform rain fraction in the MJO wet
phase, compared to its climatological mean value, is
true across longitude (Fig. 7). In both the west-
ern Pacific and the eastern Indian Ocean, the strat-
iform rain fraction in the MJO is about 0.1 larger
than its climatological mean value. This finding is
consistent with the observation in Fig. 5 that the
differences between MJO anomaly heating profiles
and seasonal mean profiles are similar in shape to
stratiform heating profiles. It is also consistent with
previous findings that the MJO modulates larger
mesoscale convective systems more than small sys-
tems (e.g. Mapes and Houze 1993, Chen et al. 1996),
in light of the fact that larger systems have a greater
stratiform rain fraction (e.g. Nesbitt et al. 2000).
Interestingly, the east-west gradient in stratiform
rain fraction across the Pacific (c.f. Schumacher and
Houze 2003) is seen in both the MJO anomaly and
mean curves in Fig. 7.

For a more quantitative consistency check be-
tween the stratiform-rain and heating-profile ob-
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Figure 7: Stratiform rain fraction at the time of maxi-
mum precipitation in the composite MJO life cycle (thick
line) and the annual mean (thin line) for TRMM PR data
along the equator (5N-5S).

servations, we can formally partition the observed
TOGA COARE IFA heating profile into three com-
ponents: stratiform, radiative and convective, fol-
lowing the method of Johnson (1984):

Q̂1 ≈ fQ̂1m + (1 − f)Q̂1c + (QR/P0) (1)

where Q1m is the heating in the stratiform precipita-
tion region, Q1c the heating in the convective precip-
itation region, QR the radiative heating, P0 the area-
averaged precipitation rate, and f the stratiform rain
fraction. The caret refers to values of Q1 normalized
by surface precipitation rate. Previous observations
show good agreement in rainrate-normalized strati-
form heating profiles, but diverse results in convec-
tive heating profiles (see comparisons by Houze 1989
and Tao et al. 2001). For this reason, Q1c instead
of Q1m is derived as a residual.

For the partition, the normalized stratiform heat-
ing profile Q1m is taken from Houze (1982), while
the intraseasonal QR wet-phase anomaly is obtained
from the hourly IFA radiative heating profiles calcu-
lated by Qian and Cess (2003). The stratiform rain
fraction is taken to be 0.6 from Fig. 6. This parti-
tion exercise is imperfect, since the stratiform heat-
ing profile in Houze (1982) represents the mature
phase of strong mesoscale anvils, while the stratiform
precipitation reported by TRMM PR includes de-
veloping, mature, and decaying phases of mesoscale
anvils, as well as the stratiform precipitation not as-
sociated with mesoscale convective systems. Never-
theless, the results are adequate for qualitative use.

The partition result is shown in Fig. 8. The
convective heating peaks in the middle troposphere
near the 0oC level and only slightly contributes to
the top-heaviness of the total profile. The radiative

Figure 8: Partition of the observed IFA MJO anomalous
heating profile (thick solid line) into three components:
the stratiform component (thin solid line), the radiative
component (thin dotted line), and the convective com-
ponent (thin dashed line).

heating is characterized by cloud-top cooling above
250 mb and cloud-base warming below 250 mb,
and slightly decreases the top-heaviness of the
total profile. The stratiform heating, however,
significantly increases the top-heaviness of the total
profile. Its upper troposphere heating enhances the
convective heating by more than 50%, while its
lower troposphere cooling cancels more than 50% of
the convective heating. Theoretically, the convective
heating can be further divided into two compo-
nents: net condensation and eddy flux convergence.
Considering only the convective heating but not
the stratiform heating, Cho and Pendlebury (1997)
argued that the only process that might produce a
heating maximum in the upper troposphere is the
eddy flux convergence, because the net condensation
generally has a maximum in the lower troposphere.
Fig. 8 shows that the stratiform heating is another
major contributor to the upper troposphere heating
maximum, and it is more efficient in increasing the
top-heaviness because it simultaneously cools the
lower troposphere.

5. Vertical phase tilt of heating anomaly

This section extends results from the heating pro-
file at the time of maximum precipitation to the
variations of heating profile during the whole MJO
life cycle. Figure 9a shows the vertical structure
of Q1 anomaly in TOGA COARE IFA for the De-
cember 1992 MJO event, versus time lag (with re-
spect to the time of maximum precipitation, with
the axis reversed so that the local time evolution
at one longitude visually resembles a spatial cross-
section through the eastward-moving MJO (Fig. 3,
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Figure 9: The vertical structure of the diabatic heating
anomaly in the MJO for (a) TOGA COARE IFA. (b)
TOGA COARE OSA. (c) DJF composite of 24 years
(1979-2002) of chi-corrected heating data at 0N155E,
normalized by column-integrated heating at the time
of maximum precipitation. Unit is (K/day)/(mm/day).
Time lag is with respect to the time of maximum precipi-
tation. First contour is 0.03, and contour interval is 0.15.
Negative contours are shaded. In (c) only anomaly with
linear correlation above 95% confidence level is plotted.
In (a) the vertical phase tilts at the leading and trailing
edges are highlighted with thick dashed lines.

Fig. 1b).
A subtle but distinct tilt of the heating contours

in this time-height section is evident, as highlighted
by the thick dashed lines in Fig. 9a at the leading
and trailing edges of the positive anomaly. Anoma-
lous heating develops first in the lower troposphere
near day -15 and then shifts upward as it intensi-
fies. The maximum heating is below 800 mb before
day -10, shifts upward to 450 mb at day 0, and shifts
further upward to above 400 mb after day +5. Heat-
ing for the TOGA COARE OSA (Fig. 9b), shows
similar vertical structure as the IFA, indicating that
the vertical heating structure is robust with respect
to the different array sizes and calculation methods.
These COARE results appear to be statistically rep-
resentative, as the long-term composite (Fig. 9c)
exhibits similar tilt. Composites for other seasons
have similar vertical structure as this DJF compos-
ite (not shown). To the extent that the MJO propa-

gates past the reference longitude (155E) with nearly
fixed structure, these tilted time-height contours cor-
respond to a westward spatial phase tilt of heating
with height, as has been found in simulated intrasea-
sonal oscillations in GCMs (Lau et al. 1988, Wang
and Schlesinger 1999).

This observed rising of the heating profile with
time can be attributed, based on Eq. 1, to one or
more of the following three factors: (1) variation of
the convective heating Q̂1c profile (i.e. shallower
convective heating in the earlier stage and deeper
convective heating in later stage); (2) variation of
the stratiform heating fraction f (i.e. more strati-
form heating in later stage); and (3) variation of the
radiative heating QR profile. These factors can be
separated by the same partitioning exercise used in
section 4.2, extended to all the anomalous heating
profiles during the MJO life cycle. Assembling the
data for this decomposition is a bit tricky, since ra-
diative heating data are only available for COARE
while stratiform rain fraction f is only available from
TRMM data unavailable during COARE. Here, the
variation of stratiform rain is taken from Fig. 6. Ra-
diative heating comes from the computations of Qian
and Cess (2003), and convective heating is derived
as a residual.

The partitioned heating results are shown in Fig.
10 as a function of lag and height. The derived con-
vective heating (Fig. 10c) has little tilt at the trail-
ing edge of the MJO (positive lags) in the middle
and lower troposphere, as highlighted by the thick
dashed line. Instead, the tilt of the contours of to-
tal heating near day +10 in Fig. 9a is largely due
to the extra stratiform heating/cooling couplet at
positive lag (Fig. 10b), plus tilted radiative heating
(Fig. 10a). This tilted radiative heating is associ-
ated with stratiform anvil clouds, including clouds
extending well beyond areas of stratiform precipi-
tation. On the other hand, much of the tilt seen in
the total heating contours at the MJO’s leading edge
(lags -15 to -10 days) is exhibited by the convective
heating (the thick dashed line at the leading edge is
exactly the same as that in Fig. 9a).

The large-scale causes for enhanced stratiform
precipitation lagging behind maximum precipitation
appear to include wind shear and middle- to upper-
troposphere relative humidity. Increasing stratiform
rain fraction with vertical wind shear in mesoscale
convective systems (MCSs) has been found in both
observational studies (Saxen and Rutledge 2000) and
numerical modeling studies (Shie et al. 2003). This
relationship also holds at the MJO time scale in
these COARE and long-term data, as shown in Fig.
11. Both low-level (1000-850mb) shear and deep
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Figure 10: As in Fig. 9 except for TOGA COARE IFA
(a) QR anomaly, (b) Q1m anomaly, and (c) Q1c anomaly.
Contours are the same as in Fig. 9. In (c) the verti-
cal phase tilts at the leading edge and trailing edge are
highlighted with thick dashed lines, with the one at the
leading edge same as that in Fig. 9a.

(700-150mb) shear lag precipitation by about 5-10
days. In addition to this shear effect, middle- to
upper-tropospheric relative humidity may be impor-
tant. Positive correlations between stratiform rain
fraction and humidity in MCSs have been observed
by Halverson et al. (1999). A cleaner delineation of
cause and effect is found in the cloud modeling work
of Tao et al. (1993), who found increases in area cov-
erage and earlier formation of stratiform rain with
more humid initial conditions. Similar lags of both
stratiform fraction and humidity are seen in these
intraseasonal composites (Fig. 12): humidity in
the 600-200 hPa layer lags precipitation by 2-5 days
in rawinsonde data from both the COARE filtered
event data (panel a) and a five year set (1998-2002)
of sounding data at the ARM Manus site (2S147E,
panel b).

In summary, a distinct tilt is observed in time-
height sections of the total heating field at 155E.

Figure 11: As in Fig. 6 except for vertical wind shear
anomaly for (a) TOGA COARE IFA, and (b) DJF com-
posite of 24 years (1979-2002) of NCEP reanalysis data
at 0N155E. The solid line is 1000-850 mb wind shear and
the dotted line is 700-150 mb wind shear.

The data, while noisy, suggest that this tilt may
have different causes at the leading and trailing
edges of the COARE MJO event: At the leading
edge, convective heating deepens with time, while
at the trailing edge, the tilt is more a result of
increased latent and radiative heating effects in
stratiform anvils. These anvils lag the maximum
precipitation by a few days, in step with the lags of
wind shear and middle-upper troposphere humidity.

6. Comparison to model heating profiles

Global models tend to simulate the MJO poorly.
Theoretical studies within the wave-heating feed-
back framework suggest that the profile of heating
is important to the strength and propagation of dis-
turbances, as reviewed more fully in the discussion
below. These prior findings motivated the observa-
tional study of MJO heating profiles reported here.

A first step toward improving models with obser-
vations is to compare of these observed heating pro-
file against model heating profiles, preferably from
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Figure 12: As in Fig. 9 except for RH anomaly for (a)
TOGA COARE IFA, and (b) DJF composite of 5 years
(1998-2002) of sounding data at ARM Manus site.

multiple models. Obtaining and analyzing model
data on all necessary variables with the necessary
vertical and time resolution is well beyond the scope
of this study. As a smaller step, we surveyed the
published literature for all available plots of heating
profiles in simulated large-scale equatorial eastward-
propagating disturbances. The models include a
GFDL GCM (Lau et al. 1988), a Japanese Mete-
orological Research Institute (MRI) GCM (Tokioka
et al. 1988), three GCMs (Goddard Laboratory
of Atmospheric Sciences, University of California at
Los Angeles, Goddard Laboratory for Atmospheres)
compared by Park et al. (1990), the University of
Illinois GCM (Wang and Schlesinger 1999), the Seoul
National University GCM (Lee et al. 2001), and one
idealized model (Sui and Lau 1989). For two papers
which show several profiles associated with different
GCMs or different experiments with the same GCM
(Tokioka et al. 1988, Park et al. 1990), we selected
only the most top-heavy profile.

Heating profiles from these seven model studies
are displayed in Fig. 13a, along with the observed
MJO profile from the COARE IFA data. The math-
ematical maxima of the model heating profiles vary
considerably, as do other, possibly more relevant as-
pects of profile shape. However, a systematic error
is evident: All the model MJO heating profiles are
generally middle-heavy, with insufficient heating in
the upper troposphere around 450 mb, and excessive
heating in the lower troposphere below 600 mb, as
highlighted in the difference plot of panel b. In this

Figure 13: (a) Comparison of the observed heating pro-
file with the model heating profiles. The thick solid line
is the observed heating profile. All other lines are the
model heating profiles. The models include the GFDL
GCM used in Lau et al. 1988 (thick dashed line), the
MRI GCM used in Tokioka et al. (1988)’s α = 0 experi-
ment (thin solid line), the GLA GCM used in Park et al.
1990 (thin dotted line), the University of Illinois GCM
used in Wang and Schlesinger (1999)’s A3 experiment
(thin dashed line) and M2 experiment (thin dot-dashed
line), the Seoul National University GCM used in Lee
et al. 2001 (thin dot-dot-dashed line), and the theoreti-
cal model of Sui and Lau (1989)’s deep convection case
(thin long-dashed line). (b) The difference between the
observed heating profile and the model heating profiles.

respect, the differences are similar in shape to the
stratiform heating profile (thin solid line in Fig. 8),
suggesting that the models systematically lack an
intraseasonally-varying stratiform-like heating pro-
cess.

A model-observation comparison of stratiform
rain fraction is not straightforward, or even well-
defined. Stratiform precipitation has widely varying
definitions even in high-resolution observations and
cloud-model data (Lang et al. 2003). It is not
clear that any separation of GCM rainfall into
“convective” versus “stratiform” parts would corre-
spond meaningfully to any one of the observational
separation techniques. In short, we can only say
that the models systematically lack a functional
equivalent of stratiform precipitation.
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7. Summary and discussion

This study has examined the top-heaviness of
anomalous heating profiles in the MJO, and the re-
lated question of stratiform precipitation. Intrasea-
sonal heating profiles simulated by models were com-
pared to the observed. The main findings are:

1. The anomalous vertical heating profile at
the time of maximum precipitation is very top-
heavy, more so than the climatological mean profile.
TRMM data show that anomalous stratiform precip-
itation contributes about 60% to the intraseasonal
precipitation anomaly, more than the climatological
fraction of stratiform precipitation. These observa-
tions are consistent, in that stratiform precipitation
is characterized by heating in the upper troposphere
and cooling in the lower troposphere.

2. During the passage of the MJO at 155E,
anomalous heating has a phase tilt; that is, the heat-
ing maximum rises with time in the heating profile.
At the trailing edge of the rainy phase, this tilt is
made up largely by latent and radiative heating in
stratiform anvils. Heating by these stratiform anvils
lags the total precipitation by a few days, associ-
ated with the similar lags of vertical wind shear and
middle-upper troposphere relative humidity.

3. The anomalous vertical heating profiles in 7
model intraseasonal oscillations differ from observa-
tions, in the sense of being middle-heavy rather than
top-heavy. Models systematically lack (or under-
represent) some functional equivalent of the ob-
served strong modulation of stratiform precipitation
by the MJO.

Is this systematic heating-profile error in mod-
els related to their poor simulations of the MJO?
We will not presume to offer a simple or defini-
tive answer, but theoretical studies offer some guid-
ance for discussion. As mentioned in the introduc-
tion, such studies typically assume a wave-heating
feedback framework. The heating in wave-heating
feedback theories may be divided into five compo-
nents, namely the latent heatings associated with
free troposphere moisture convergence; boundary
layer moisture convergence; surface heat flux (latent
plus sensible); and local moisture storage, as well as
radiative heating. These five components have been
emphasized in different types of theories, including
the wave-CISK (Convective Instability of the Second
Kind) mechanism (e.g. Hayashi 1970, Lindzen 1974,
Lau and Peng 1987, Zhang and Geller 1994), the
frictional wave-CISK mechanism (e.g. Hayashi 1971,
Wang and Rui 1990b, Salby et al. 1994), the WISHE
(Wave Induced Surface Heat Exchange) mechanism
(e.g. Emanuel 1987, Neelin et al. 1987), the charge-
discharge mechanism (e.g. Blade and Hartmann

1993, Wang and Schlesinger 1999), and the cloud-
radiation interaction mechanism (Hu and Randall
1994, Raymond 2001, Lee et al. 2001), respectively.

The role of the vertical heating profile in setting
the strength and phase speed of intraseasonal oscil-
lations has been studied in several works. In some
theories, such as wave-CISK, the heating profile is
specified outright, allowing direct study of the influ-
ence of profile shape (Yamasaki 1968a, 1968b, 1969,
Lau and Peng 1987, Takahashi 1987, Lau et al. 1988,
Chang and Lim 1988, Tokioka et al. 1988, Sui and
Lau 1989, Cho and Pendlebury 1997). Two distinct
issues accessible to such a treatment are the insta-
bility properties (or growth rate) of oscillations, and
their phase speeds.

On the question of instability, Cho and Pendle-
bury (1997) found that instability requires a suffi-
cient amplitude of a full-wave Fourier component to
the heating profile - essentially, the ’stratiform’ heat-
ing profile discussed in this paper. A ’stratiform in-
stability’ mechanism is also active in the model of
Mapes (2000). Yamasaki (1968a, 1968b, 1969) found
in numerical modeling studies that some tropical sys-
tems are unstable only if the cumulus heating profile
has a maximum in the upper troposphere. On the
basis of these results, a systematic lack of stratiform-
like heating in models could be hypothesized to con-
tribute to too-weak intraseasonal variability.

On the question of phase speed, results are avail-
able from several wave-CISK studies using linearized
heating (Takahashi 1987, Lau et al. 1988) or condi-
tional (”positive only”) heating (Lau and Peng 1987,
Sui and Lau 1989). In all cases, phase speed is found
to increase with increases in the altitude of the max-
imum heating rate. A consistent result from a full
GCM study is that of Tokioka et al. (1988), who in-
troduced a critical (minimum) entrainment rate to
the Arakawa-Schubert convection scheme. As this
critical parameter was increased, both the altitude
of the maximum heating and the phase speed of sim-
ulated intraseasonal oscillations decreased. Another
GCM result in the same sense is Park et al. (1990)’s
comparison of simulated intraseasonal oscillations in
three different GCMs.

By these results, the too-fast propagation of in-
traseasonal oscillation in models would not seem to
be attributable to their systematic heating-profile
bias, since the effect appears to be of the wrong
sign. However, it is not clear that the theoretical
results are as consistent as they appear, since the
altitude of peak heating isn’t necessarily the salient
feature of heating profiles. From the perspective of
adiabatic Kelvin wave dynamics, a heating profile
should be characterized by what vertical modes it
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excites. Waves of short vertical wavelength, which
propagate slowly, are excited by heating that is ei-
ther top-heavy or bottom-heavy. If such waves play
a role in the slow phase speed of the MJO, a sim-
ple peak-altitude characterization of heating may
be misleading. Moreover, the large-scale circulation
(’wave’) structure of the observed MJO resembles
a combination of forced-damped Kelvin and Rossby
wave responses to equatorial heating (e.g. Kiladis
and Weickmann 1992, Hsu 1996), which is similar
to the Gill pattern (Gill 1980), not the pure Kelvin
wave used in many theoretical models. As shown
by Wheeler and Kiladis (1999), the spectral power
of the MJO does not lie along a Kelvin wave disper-
sion curve. Convectively-coupled Kelvin waves exist,
distinct from the MJO, and propagate faster (10-15
m/s). Instead of “too-fast” MJOs, perhaps many
models have reasonable or even too-slow convec-
tively coupled Kelvin waves, and lack the MJO en-
tirely! To summarize this discussion, there is plenty
of suggestive literature but no really satisfying basis
to conclude that models’ systematic errors in heat-
ing profiles and intraseasonal oscillation propagation
speed are linked.

The difficulties of attempting to link heating and
MJO simulation should not be allowed to distract
from the striking consistency found among model
heating-profile errors (Fig. 13b). This finding sug-
gests there may be a fundamental problem common
to many models, which certainly merits attention.
Systematic model errors continue to frustrate MJO
research, as it is hard to find a model, much less a
suite of models, with variability sufficiently similar
to observations to permit comparative studies
to lead to incremental improvements. Vertical
structure seems to contain important clues to the
linkages between large-scale horizontal patterns (like
MJO development and propagation) and physical
processes, and this observational study provides a
baseline.
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